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In zeolite low-silica X (LSX), β-cages with the inside diameter of ≈ 7 A˚ are arrayed in a diamond
structure. Among them, supercages with the inside diameter of ≈ 13 A˚ are formed and arrayed in a
diamond structure by the sharing of windows with the inside diameter of ≈ 8 A˚. The chemical formula
of zeolite LSX used in the present study is given by NaxK12−xAl12Si12O48 per supercage (or β-cage),
where NaxK12−x and Al12Si12O48 are the exchangeable cations of zeolite LSX and the aluminosilicate
framework, respectively. Na-K alloy clusters are incorporated in these cages by the loading of guest
K metal at nK atoms per supercage (or β-cage). A Ne´el’s N-type ferrimagnetism has been observed
at n = 7.8 for x = 4. In the present paper, optical, magnetic and electrical properties are studied
in detail mainly for x = 4. Ferrimagnetic properties are observed at 6.5 < n < 8.5. At the same
time, the Curie constant suddenly increases. An optical reflection band of β-cage clusters at 2.8 eV
is observed at n > 6.5 in accordance with the sudden increase in the Curie constant. An electrical
resistivity indicates metallic values at n ' 6, because a metallic state is realized in the energy
band of supercage clusters. The ferrimagnetism is explained by the antiferromagnetic interaction
between the magnetic sublattice of itinerant electron ferromagnetism at supercage clusters and that
of localized moments at β-cage clusters. The electrical resistivity in ferrimagnetic samples at n = 8.2
for x = 4 increases extraordinarily at very low temperatures, such as ≈106 times larger than the
value at higher temperatures. Observed anomalies in the electrical resistivity resembles the Kondo
insulator, but itinerant electrons of narrow energy band of supercage clusters are ferromagnetic
differently from the Kondo insulator.
PACS numbers: 82.75.Vx, 71.28.+d, 75.30.Mb, 75.50.Xx, 75.75.-c, 36.40.-c
I. INTRODUCTION
Zeolite crystals have free spaces of regular cages for
guest materials [1]. There are many different types of ze-
olite structures [2]. Alkali metal clusters incorporated in
cages of zeolites have a wide variety in electronic proper-
ties, such as a ferrimagnetism, a ferromagnetism, an an-
tiferromagnetism, and an insulator-to-metal transition,
depending on the kind of alkali metals, their loading den-
sity, and the structure type of zeolite frameworks [1, 3].
In zeolite low-silica X (LSX), supercages and β-cages
with the inside diameters of ≈ 13 and ≈ 7 A˚, respectively,
are arrayed in a diamond structure, namely the double di-
amond structure. Up to now, detailed studies have made
[1, 3–14]. A Ne´el’s N-type ferrimagnetism has been ob-
served in Na-K alloy clusters incorporated into zeolite
∗ takehito.nakano.phys@vc.ibaraki.ac.jp
† araki@science.okayama-u.ac.jp
‡ nozue@phys.sci.osaka-u.ac.jp
LSX, where an antiferromagnetic interaction works be-
tween nonequivalent magnetic sublattices of supercages
and β-cages [1, 3, 6, 9]. In the present paper, their op-
tical, electrical and magnetic properties are studied in
detail.
Besides the Ne´el’s N-type ferrimagnetism, a ferromag-
netism has been observed in Na-rich Na-K alloy clusters
in zeolite LSX [12]. In pure Na clusters in zeolite LSX,
a metallic phase has been observed with the increase in
Na loading density [1, 5, 8, 10, 13]. In pure K clusters in
zeolite LSX, a ferrimagnetic property at higher K load-
ing densities has been observed in a metallic phase [1, 9].
Under the pressure loading of K-metal into zeolite LSX,
an itinerant electron ferromagnetism has been newly ob-
served at the loading pressure of ≈ 0.9 GPa [14].
After the discovery of ferromagnetic properties in K
clusters in zeolite A [15], detailed studies have been
made [1, 3, 16–38]. In zeolite A, α-cages with the in-
side diameter of ≈ 11 A˚ are arrayed in a simple cubic
structure. A spin-cant model of Mott-insulator antifer-
romagnetism of K cluster array in α-cages is proposed
2[1, 29, 32, 38]. In Rb clusters in zeolite A, a ferrimag-
netism has been observed [25, 39, 40]. An antiferromag-
netism of Mott insulator in alkali metal clusters in so-
dalite has been clearly observed [41], and detailed stud-
ies have been made [42–55]. In sodalite, β-cages are ar-
rayed in a body centered cubic structure. Alkali met-
als in quasi-low-dimensional systems, such as the quasi-
one-dimensional metallic system in channel-type zeolite
L [56–59], has been studied.
A. Zeolite LSX
Zeolite X is one of the most typical aluminosilicate
zeolites, and is nonmagnetic insulator unless guest mate-
rials are loaded. Zeolite LSX is the zeolite X with Si/Al
= 1 in aluminosilicate framework. The framework of ze-
olite LSX is negatively charged and illustrated in Fig. 1
together with typical sites of exchangeable monovalent
cations (As). Al and Si atoms are alternately connected
by the sharing of O atoms. The space group is Fd3¯ with
the lattice constant of 25 A˚. The chemical formula per
unit cell is given by A96Al96Si96O384 before the loading
of guest materials. The number of cations is the same
as that of aluminium atoms in framework. The frame-
work structure type of zeolite LSX is called FAU (IUPAC
nomenclature [2]). The framework of FAU is constructed
of β-cages arrayed in a diamond structure. Among β-
cages, “supercages (cavities) of FAU” are formed and
also arrayed in a diamond structure. The distance be-
tween adjoining β-cages (or supercages of FAU) is 10.8
A˚. Hereafter, we call “supercage of FAU” simply by “su-
percage”. There are eight supercages (or eight β-cages)
in the unit cell, and the chemical formula per supercage
(or β-cage) is given by A12Al12Si12O48. Zeolite LSX
used in the present study contains Na and K cations,
and the chemical formula per supercage (or β-cage) is
given by NaxK12−xAl12Si12O48. Hereafter, we call it by
NaxK12−x-LSX.
In order to acquire an intuitive understanding of frame-
work structure, a polyhedral form is illustrated in Fig. 2.
Each β-cage is connected to four adjoining β-cages by the
sharing of hexagonal prisms (double 6-membered rings,
D6Rs). Supercages share windows of twelve-membered
rings (12Rs) with adjoining supercages. The inside di-
ameters of 12R and 6R are ≈ 8 and ≈ 3 A˚, respectively.
Each β-cage shares 6-membered rings (6Rs) with four
adjoining supercages.
B. Alkali metal loading into zeolite NaxK12−x-LSX
Alkali metals are easily loaded into zeolite by the va-
por phase for unsaturated condition or by the direct con-
tact with alkali metal for the saturated condition. In
the present paper, we loaded guest K metal at n atoms
per supercage (or β-cage) into NaxK12−x-LSX, and dis-
cribe it as Kn/NaxK12−x-LSX. The average number of
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FIG. 1. (Color online) Aluminosilicate framework structure
of zeolite LSX and typical sites of exchangeable A cations
without guest materials. β-cages are arrayed in a diamond
structure. Among them, supercages of FAU are formed and
arrayed in a diamond structure. The distance between ad-
joining β-cages (or supercages of FAU) is 10.8 A˚. See also the
polyhedral illustration of the structure in Fig. 2.
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FIG. 2. (Color online) Schematic illustrations of framework
polyhedra of zeolite LSX. Each β-cage is connected to four
adjoining β-cages by the sharing of double 6-membered rings
(D6Rs), and arrayed in a diamond structure. Supercages of
FAU are arrayed in a diamond structure by the sharing of
twelve-membered rings (12Rs) with four adjoining supercages.
s-electrons provided by the loading of alkali metal is also
n per supercage (or β-cage).
An outermost s-electron of an alkali atom has a large
size and a small ionization energy, so that s-electrons in
bulk alkali metals are well described by the free-electron
model. s-electrons introduced in zeolite by the loading of
guest alkali atoms move freely over cations distributed in
cages. The aluminosilicate framework, however, is neg-
atively charged and has high-energy conduction bands.
Therefore, s-electrons are repulsed by the framework.
The s-electrons successively occupy quantum states of
clusters formed in cages. If we assume a spherical quan-
tum well (SQW) potential for cage, quantum states, such
as 1s, 1p and 1d states, are formed in the increasing or-
der of energy, and two, six and ten s-electrons can occupy
respective quantum states successively [1]. Schematic il-
lustrations of cluster in supercage and quantum states
3of s-electron in the SQW potential with the diameter of
13 A˚ are given in Fig. 3. A large sphere in supercage
is a schematic image of s-electron wave function. 1s, 1p
and 1d quantum states have energies 0.9, 1.8 and 3.0 eV
from the bottom of the SQW potential, respectively. The
number in each parentheses indicates the degeneracy in-
cluding spin. The optical excitations (dipole transitions)
are allowed between 1s-and-1p and between 1p-and-1d
states. That between 1s-and-1d is forbidden.
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FIG. 3. (Color online) Schematic illustrations of alkali metal
cluster in supercage of FAU and the quantum states of s-
electron in the SQW potential with the diameter of 13 A˚.
The SQW potential, however, is primitive for the su-
percage cluster, because of large 12R windows. The
spheres of s-electron wave functions in adjoining su-
percages largely overlap with each other, because the
distance between adjoining supercages is 10.8 A˚ which
is shorter than the inside diameter of supercage ≈ 13 A˚.
Nevertheless, we use 1s, 1p and 1d quantum states of the
SQW potential, because of a convenient model to think
about quantum states localized in supercage. In zeolite
A, K clusters are well localized in α-cages with the inside
diameter of ≈11 A˚, and the SQW model well explains ex-
perimental results, because of rather narrow windows of
α-cages [1, 16, 17, 38]. Electrons in regular supercages of
zeolite LSX are expected to construct the energy band, if
the contributions of the electron-phonon interaction and
the electron correlation are not significant. Because the
supercage has the Td symmetry which has no inversion
symmetry at the cage center, 1s, 1p and 1d states hy-
bridize with each other. The electronic states of energy
band are constructed of these hybridized states depend-
ing on the positions in the Brillouin zone. For example,
the electronic states at the bottom of the lowest band are
mainly constructed of 1s states.
Schematic illustrations of cluster in β-cage and quan-
tum states of s-electron in the SQW potential with the di-
ameter of 7 A˚ are given in Fig. 4. A large sphere in β-cage
is a schematic image of s-electron wave function. 1s and
1p quantum states have energies 3.1 and 6.3 eV from the
bottom of the SQW potential, respectively. These ener-
gies are much higher than respective states in supercage,
because of a narrow size of β-cage. As adjoining β-cages
are well separated by D6Rs as shown in Fig. 2, s-electron
wave functions in adjoining β-cages scarcely overlap with
each other, but a finite overlap occurs through 6Rs be-
tween supercages and β-cages.
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FIG. 4. (Color online) Schematic illustrations of alkali metal
cluster in β-cage and the quantum states of s-electron in the
SQW potential with the diameter of 7 A˚.
C. Electronic properties of Na-K alloy clusters in
Kn/NaxK12−x-LSX
Electronic properties of Na-K alloy clusters in
Kn/NaxK12−x-LSX largely depend on x as well as n. The
contributions of Na atoms are the larger ionization en-
ergy and the smaller cation size, compared with those
of K atoms. In Kn/K12-LSX (namely x = 0), pure K
clusters show a metallic phase at n ' 6 and a ferrimag-
netic property at the saturation loading density n ≈ 9 at
ambient pressure [1, 9]. Under the pressure loading of K-
metal into zeolite K12-LSX, the disappearance of the fer-
rimagnetism has occurred and an itinerant electron fer-
romagnetism have been newly observed at n ≈ 15 at the
loading pressure ≈ 0.9 GPa [14]. In Na-K alloy clusters
in Kn/Na4K8-LSX (namely x = 4), the Ne´el’s N-type
ferrimagnetism has been observed [1, 3, 4, 6]. Under the
pressure loading of K-metal into zeolite Na4K8-LSX, a
new ferrimagnetism have been observed at the loading
pressure ≈ 0.5 GPa [7]. In Kn/Na7.3K4.7-LSX (namely
x = 7.3), a nearly pure ferromagnetism in an insulating
phase has been observed at n ≈ 9 [12]. The origin of the
ferromagnetism is assigned to the ferromagnetic superex-
change coupling between magnetic moments at β-cage
clusters via sp3 closed-shell clusters at supercages.
Pure Na clusters are generated by the Na metal load-
ing into zeolite Na12-LSX (namely x = 12). Insulating
and non-magnetic states of pure Na clusters have been
observed in Nan/Na12-LSX for n / 11. A metallic phase
has been observed with the increase in n. A thermally
activated paramagnetic susceptibility has been observed
significantly at n ≈ 16, and is assigned to the thermal
distribution of metastable small polarons [1, 5, 8]. The
temperature dependence of the paramagnetic susceptibil-
ity has been observed in the shift of 23Na NMR narrow
line [10, 13], although there are many nonequivalent Na
sites in Nan/Na12-LSX [1, 11]. This result indicates that
Na cations are hopping thermally over many Na sites at
higher temperatures during the NMR time window, and
4nuclei of relevant Na cations feel average paramagnetic
field of thermally metastable small polarons.
In the present paper, optical, magnetic and electri-
cal properties in Kn/NaxK12−x-LSX are studied in de-
tail mainly for x = 4. Ferrimagnetic properties are ob-
served at 6.5 < n < 8.5 in Kn/Na4K8-LSX. At the same
time, the Curie constant suddenly increases, and a re-
flection band of β-cage clusters at 2.8 eV is observed at
n > 6.5. An electrical resistivity indicates metallic value
at n ' 6. The electrical resistivity increases extraor-
dinarily at very low temperatures in ferrimagnetic sam-
ples, such as ≈ 106 times larger than the value at higher
temperatures. The ferrimagnetism is explained by the
antiferromagnetic interaction between the magnetic sub-
lattice of itinerant electron ferromagnetism at supercage
clusters and that of localized moments at β-cage clusters.
We try to explain these anomalies of electrical resistivity
by the analogy of the Kondo insulator, where itinerant
electron spins of supercage clusters interact with local-
ized electron spins of β-cage clusters. Itinerant electrons
of narrow energy band of supercage clusters, however, is
ferromagnetic, differently from the Kondo insulator.
II. EXPERIMENTAL PROCEDURES
Zeolites are crystalline powder of few microns in grain
size. The as-synthesized zeolite LSX was x = 9. Na
cations were fully exchanged to K12-LSX in KCl aqueous
solution. K12-LSX was partly ion-exchanged in aque-
ous NaCl solution in order to get NaxK12−x-LSX. The
value of x was estimated by means of inductively coupled
plasma (ICP) spectroscopy. Zeolite NaxK12−x-LSX was
fully dehydrated in vacuum at 500◦C for one day. Dis-
tilled potassium metal was set into a quartz glass tube
together with the dehydrated NaxK12−x-LSX in a glove-
box filled with a pure He gas containing less than 1 ppm
of O2 and H2O. The potassium metal in the quartz glass
tube was adsorbed into the NaxK12−x-LSX at 150
◦C.
The thermal annealing was made for enough time to get
the homogeneous K-loading. The value of n was esti-
mated from the weight ratio of K-metal to NaxK12−x-
LSX powder.
The optical diffuse reflectivity r was measured at room
temperature by the use of an FTIR spectrometer (Nicolet
Magna 550) and a double monochromator-type UV-vis-
NIR spectrometer (Varian Cary 5G). KBr powder was
used for the reference of white powder. Since samples are
extremely air-sensitive, optical measurements were per-
formed on samples sealed in quartz glass tubes. The dif-
fuse reflectivity r was transformed to the optical absorp-
tion spectrum by the Kubelka-Munk function (1−r)2/2r
which gives the ratio of the absorption coefficient to the
reciprocal of powder size. The sum of the normal reflec-
tivity R and the transmission coefficient Tr was obtained
by the transformation R+Tr = 4r/(1+r)
2 [16]. The nor-
mal reflectivity spectrum was obtained as R = 4r/(1+r)2
at the spectral region for Tr ≪ R.
A SQUID magnetometer (MPMS-XL, Quantum De-
sign) was used for magnetic measurements in the tem-
perature range 1.8-300 K. A diamagnetic signal from the
quartz glass tube is included in the SQUID signal as the
temperature-independent background, and is subtracted
from measured magnetization.
For an electrical resistivity measurement, powder sam-
ples were put between two gold electrodes, and an ade-
quate compression force ≈ 1 MPa was applied during the
measurements. Because of the extreme air-sensitivity
of samples, they were kept in a handmade air-proof
cell. These setting procedures were completed inside
the glovebox. The cell was set into Physical Property
Measurement System (PPMS, Quantum Design), and
the temperature was changed between 2 and 300 K.
The electrical resistivity of the cell was measured by the
four-terminal method with the use of Agilent E4980A
LCR meter at the frequency range from 20 Hz to 2
MHz and DC. The frequency dependence of the complex
impedance was analyzed by the Cole-Cole plot, and the
DC or 20 Hz electrical resistivity ρ was obtained by the
multiplication of the dimensional factor (area/thickness)
of compressed powder. Due to the constriction resistance
[60] at connections between powder particles as well as
the low filling density of powder particles, the observed
resistivity is about two orders of magnitude larger than
the true value. The relative values in different samples,
however, can be compared with each other within an am-
biguity of factor, because of the constant compression
force. Fortunately, values in the present study change
in the several orders of magnitude. Detailed experimen-
tal procedures are explained elsewhere [8]. The upper
limit of the present resistivity measurement was ≈ 109
Ωcm, and obtained values for ρ ' 109 Ωcm are unreli-
able. The ionic conductance of dehydrated zeolites un-
der the low compression force is expected in the order of
10−9 Ω−1 cm−1 at room temperature [61], and is negligi-
ble at lower temperatures in the present study. A small
resistivity of the short circuit in the cell (< 0.1 Ω cm) is
included in the measured value, but is negligible in the
present study.
The high-field magnetization was measured by using
an induction method with a multilayer pulse magnet at
the Institute for Solid State Physics, the University of
Tokyo. A non-destructive pulsed magnet for 70 T was
used for this measurement. Sample sealed in a high-
quality quartz glass tube with a diameter of 2 mm was
set in the pickup coils. The observed magnetization is
normalized by the results obtained by the SQUID mag-
netometer at H < 5× 104 Oe.
III. EXPERIMENTAL RESULTS
A. Optical properties
Optical resonant absorption and reflection spectra pro-
vide an important information on the dipole transition of
5electronic states including nonmagnetic ones. Absorption
spectra of dilutely K-loaded Kn/NaxK12−x-LSX (n≪ 1)
at room temperature (RT) are shown in Fig. 5 for x = 0,
1.5, 4 and 7.3. Spectra in Kn/K12-LSX, Kn/Na1.5K10.5-
LSX and Kn/Na4K8-LSX have continuous peaks above
≈ 0.6 eV. These peaks are assigned to the excitation from
1s-like states to the empty energy bands of supercage
network [3]. A new band appears at ≈ 2.6 eV with mark
in Kn/Na7.3K4.7-LSX, in addition to above mentioned
continuous peaks. This new band is assigned to the ex-
citation from 1s-like states to 1p-like ones of clusters in
β-cages [12].
FIG. 5. (Color online) Absorption spectra of dilutely K-
loaded Kn/K12-LSX (x = 0), Kn/Na1.5K10.5-LSX (x = 1.5),
Kn/Na4K8-LSX (x = 4) and Kn/Na7.3K4.7-LSX (x = 7.3) at
room temperature, where n≪ 1.
If we assume strict SQW potentials shown in Figs. 3
and 4, the 1s–1p excitation energies are expected at 0.9
and 3.2 eV in clusters localized in supercage and β-cage,
respectively. Because of the lack of the inversion symme-
try at the center of supercage, 1s, 1p and 1d states hy-
bridize partly with each other in the energy band. Con-
tinuous DOS of the hybridized energy band of supercage
network are expected, because of the electron transfer
through large 12R windows with the size ≈ 8 A˚. In prin-
ciple, the absorption coefficient of the band-to-band exci-
tation is proportional to the joint-density-of-states times
the transition dipole moments between ground states and
excited states. The observed gap energy of continuous
absorption bands, ≈ 0.6 eV, originates from the forma-
tion energy of small bipolarons at supercages at low K-
loading densities, as stated in Section IVA. Small bipo-
larons are optically excited to the extended states of the
hybridized energy band of supercage network. The β-
cage potential provides well-isolated electronic states, be-
cause of narrow windows. The optical excitation from 1s
to 1p states is expected at 3.2 eV in Fig. 4, but the effec-
tive potential size is expected to be slightly larger than 7
A˚, such as 7.8 A˚, in order to fit the observed excitation
energy ≈ 2.6 eV. As discussed in Section IVB, the sur-
rounding cations are expected to extend the confinement
potential.
FIG. 6. (Color online) Reflection spectra of Kn/Na4K8-LSX
at room temperature. The value of n is indicated for each
spectrum.
Reflection spectra of Kn/Na4K8-LSX (x = 4) at room
temperature are shown in Fig. 6. The K-loading density
n is indicated for each spectrum. A reflection band of
nearly metallic s-electrons of supercage clusters is seen
below ≈1 eV in each spectrum. The plasma edge of
metallic s-electrons is estimated to be ≈1 eV. With the
increase in n, the β-cage cluster bands grow around ≈2.3
and ≈2.8 eV. The 2.3 eV band grows at lower values of
n. As shown in Section III B, a ferrimagnetism and a
sudden increase in the Curie constant are observed si-
multaneously at 6.5 < n < 8.5. The 2.8 eV band of
β-cage clusters is assigned to the magnetic K-rich clus-
ters (small polarons) for 6.5 / n / 8.5 and nonmagnetic
K-rich clusters (small bipolarons) for 8.5 / n, as dis-
cussed in Section IVB. The 2.3 eV band is assigned to
nonmagnetic Na-rich clusters at β-cages.
In Kn/Na1.5K10.5-LSX (x = 1.5), similar reflection
spectra are observed at room temperature, as shown in
Fig. 7. Reflection bands of β-cage clusters are observed at
similar energies 2.2 and 2.8 eV. The 2.8 eV band appears
at n ' 7.5. As shown in Section III B, a ferrimagnetism
and an increase in the Curie constant are observed si-
multaneously at 7.8 < n / 9.5. The 2.8 eV band is
assigned to the K-rich magnetic clusters (small polarons)
6at β-cages, as discussed in Section IVB. Reflection bands
at 2.2, 2.3 and 2.4 eV are expected to be nonmagnetic
Na-rich β-cage clusters with different configurations of
cations.
FIG. 7. (Color online) Reflection spectra of Kn/Na1.5K10.5-
LSX at room temperature. The value of n is indicated for
each spectrum.
B. Magnetic properties
Temperature dependences of magnetization in
Kn/Na4K8-LSX under the low magnetic field of 10
Oe are shown in Fig. 8. The value of n is indicated
for each curve. The observed large magnetization
originates from the spontaneous magnetization, because
of an applied magnetic field is very weak. The Curie
temperature increases and decreases with n. A typical
Ne´el’s N-type ferrimagnetism with the zero minimum of
magnetization at the compensation temperature Tcomp
is seen at n = 7.6, 7.8 and 7.9. A similar zero minimum
may be expected below 1.8 K at n = 6.7 and 7.0. A
gradual increase in magnetization around the Curie
temperature is seen at n = 7.6 and 7.8 with the decrease
in temperature, indicating that a weak inhomogeneity
is expected to exist in the temperature of the magnetic
phase transition. The zero minimum at Tcomp, however,
is clearly seen.
The Ne´el’s N-type ferrimagnetism is explained by an
antiferromagnetic interaction between two nonequivalent
magnetic sublattices A and B, one of which (A) has both
a very weak internal magnetic interaction and the satu-
ration magnetization which is larger than the magnetiza-
tion of the other sublattice (B). The sublattice B has a
stronger internal interaction. Below the Curie tempera-
ture, the sublattice B increases the spontaneous magne-
tization. The magnetization of sublattice A follows the
sublattice B with the opposite direction. At Tcomp, mag-
netizations of sublattices A and B have the same mag-
nitude with opposite directions, and the total magneti-
zation becomes zero. Below Tcomp, the sublattice A has
the magnetization larger than that of sublattices B. As
discussed later in Section IVC, we introduce a model of
two magnetic sublattices A and B constructed by local-
ized magnetic moments of β-cage clusters and an itin-
erant electron ferromagnetism of supercage clusters, re-
spectively. In Fig. 8, Tcomp seems to approach the Curie
temperature relatively, indicating that an antiferromag-
netic interaction between magnetic sublattices A and B
and/or the magnetization of sublattice A increase with n
at the ferrimagnetic condition.
n-dependences of the asymptotic Curie temperature
TC, the Weiss temperature TW and the Curie constant
in Kn/Na4K8-LSX are shown in Fig. 9. The Curie con-
stant has a sudden increase at the ferrimagnetic condition
6.5 < n < 8.5, as colored in blue. TW is positive and neg-
ative at lower and higher values of n, respectively. The
2.8 eV band of β-cage clusters grows at n ' 6.5 in Fig. 6
in accordance with the sudden increase in the Curie con-
stant.
FIG. 8. (Color online) Temperature dependences of magneti-
zation in Kn/Na4K8-LSX under the magnetic field of 10 Oe.
The value of n is indicated for each curve.
The sudden increase of the Curie constant in Fig. 9 is
estimated to be ≈ 5 × 10−5 Kemu/cm3. If we assume
localized magnetic moments of β-cage clusters with spin
s = 1/2 and g = 2, the Curie constant Cβ is given by
Cβ =
Nβg
2µ2Bs(s+ 1)
3kB
=
Nβµ
2
B
kB
, (1)
where Nβ and kB are the number density of magnetic
clusters at β-cages and the Boltzmann constant, respec-
7FIG. 9. (Color online) n-dependences of the asymptotic Curie
temperature TC, the Weiss temperature TW and the Curie
constant in Kn/Na4K8-LSX.
tively. The estimated value of Nβ amounts to ≈15% of
β-cages and the saturation magnetization becomes ≈ 0.7
G.
The background Curie constant in Fig. 9 is n depen-
dent, for example, ≈ 1.3 × 10−4 Kemu/cm3 at n ≈ 7.5.
The Curie constant of an itinerant electron ferromag-
netism for supercage clusters, Cs, is given by
Cs =
N0peff
2µB
2
3kB
, (2)
where N0 and peffµB are the number density of su-
percages and the effective local magnetic moment per
supercage, respectively. The value of peff estimated from
the background Curie constant is ≈ 1.1 which corre-
sponds to the saturation magnetization of ≈ 5.3 G. In
case of the itinerant electron ferromagnetism, however,
the spontaneous magnetization at low magnetic fields is
much smaller than that estimated from the Curie con-
stant, such as ≈ 1/3 in the itinerant electron ferromag-
netism in the pressure loading of K metal into K12-LSX
[14]. If we assume a similar ratio, the spontaneous mag-
netization of supercage clusters will be ≈ 1.8 G at low
temperatures. The total magnetization will be ≈ 2.5 G.
At very high magnetic fields, the saturation of total mag-
netization is observed at 2.7 G as shown later in Fig. 12.
In order to explain the Ne´el’s N-type ferrimagnetism ob-
served in Fig. 8, the spontaneous magnetization of su-
percage clusters at low temperatures will be smaller than
≈ 0.7 G of the saturation magnetization at β-cage clus-
ters.
The temperature dependence of magnetization in
Kn/Na1.5K10.5-LSX under the magnetic field of 10 Oe
is shown in Fig. 10. The value of n is indicated for
each curve. The Curie temperature increases and de-
creases with n. The magnetization has a minimum at
the temperatures lower than the respective Curie tem-
FIG. 10. (Color online) Temperature dependences of magne-
tization in Kn/Na1.5K10.5-LSX under the magnetic field of 10
Oe. The value of n is indicated for each curve.
FIG. 11. (Color online) n-dependences of the asymptotic
Curie temperature TC, the Weiss temperature TW and the
Curie constant in Kn/Na1.5K10.5-LSX.
peratures, indicating that this is the Ne´el’s P-type ferri-
magnetism, where the magnetization of β-cage clusters
is smaller than that of supercage clusters at any tem-
perature. n-dependences of the asymptotic Curie tem-
perature TC, the Weiss temperature TW and the Curie
constant are shown in Fig. 11. The Curie constant is
much larger than that in Kn/Na4K8-LSX. The Curie
constant has an increase at the ferrimagnetic condition
7.8 < n / 9.5, as colored in blue. TW is positive and
negative at lower and higher values of n, respectively,
at the ferrimagnetic condition. The 2.8 eV band of β-
8cage clusters grows at n ' 7.5 in Fig. 7. The increase
in the Curie constant at n ≈ 8.5 is roughly estimated to
be ≈ 1×10−4 Kemu/cm3 which corresponds to localized
magnetic moments with spin 1/2 distributed at ≈ 30%
of β-cages and the saturation magnetization of ≈ 1.5 G.
The background Curie constant≈ 3×10−4 Kemu/cm3 at
n ≈ 8.5 corresponds to peff ≈ 1.7. This value corresponds
to the saturation magnetization of ≈ 8 G. As explained
above in Kn/Na4K8-LSX, the spontaneous magnetiza-
tion of supercage clusters will be much smaller than ≈ 8
G. At very high magnetic fields, the saturation of total
magnetization is observed at 4.2 G, as shown later in
Fig. 12.
FIG. 12. (Color online) The magnetization process up to
high magnetic fields at 1.3 K for Kn/NaxK12−x-LSX, where
the respective values of (x, n) are (4, 7.7), (1.5, 8.75) and (0,
8.9). The corresponding magnetic moment per supercage (or
β-cage) is indicated in the axis on the right in units of µB .
The magnetization process up to high magnetic fields
at 1.3 K is shown for Kn/NaxK12−x-LSX in Fig. 12,
where the respective values of (x, n) are (4, 7.7), (1.5,
8.75) and (0, 8.9). The corresponding magnetic mo-
ment per supercage (or β-cage) is indicated in the axis
on the right in units of µB. The magnetization process in
K7.7/Na4K8-LSX displays a weak hump around 3.5×10
4
Oe, and the saturation at 2.7 G after the clear bend at
22.7 × 104 Oe. A hump in K8.75/Na1.5K10.5-LSX is un-
clear, but is expected around ≈ 8×104 Oe. The magneti-
zation process in K8.9/K12-LSX displays a hump around
16× 104 Oe, and the saturation at ≈ 6 G after the bend
at ≈ 32× 104 Oe. As discussed later in Section IVD, the
magnetization process of ferrimagnetism in the model of
classical magnetic moment has a flat magnetization up
to the spin-flop field, and a constant slope up to the sat-
uration field. The observed results, however, have round
shapes at the beginning of magnetization and above the
spin-flop field. This shape is explained by the increase in
magnetization of the itinerant electron ferromagnetism
of the supercage clusters.
C. Electrical properties
An electrical conductivity and its temperature depen-
dence give an important information on carriers in solids,
especially in correlated polaron systems. The electrical
conductivity σ with different types of carriers are given
by
σ =
∑
j
eµjNj , (3)
where e, µj and Nj are the elementary electric charge,
the j-th carrier mobility, and the number density of j-th
carriers, respectively. There are following two limiting
models in the electrical conductivity having the Arrhe-
nius law [62]. In the band gap model with nearly temper-
ature independent mobility, the conductivity is propor-
tional to the number density of thermally activated free
carriers Nj, and is expressed by the Arrhenius law. The
gap energy is given by two times of the thermal activation
energy. In the small polaron hopping model, the Arrhe-
nius law can be applied to the temperature dependence
of mobility approximately, where the thermal activation
energy is related to the polaron formation energy, etc. A
disorder and an electron correlation can have important
contributions to the electrical conductivity in addition to
above mentioned mechanisms. The electrical resistivity
ρ is given by 1/σ.
The temperature dependences of ρ in Kn/Na4K8-LSX
at various values of n are shown in Fig. 13. The value of
n is indicated for each curve. The temperature of sam-
ple was decreased from 300 K. The value of ρ at 300 K
decreases with n. With the decrease in temperature, ρ
basically increases, because of the decrease in the mo-
bility of small polaron hopping. A weak anomaly is seen
around 150 K. A similar anomaly and a temperature hys-
teresis in ρ have been clearly observed around 150 K in
Kn/Na7.3K4.7-LSX [12]. In Fig. 13, ρ at n = 5.1 and
5.8 slightly increases at low temperatures, and is finite
at the lowest temperature 2 K. This result indicates that
a finite number of free carriers (large polarons) are dis-
tributed at low temperatures. Although ρ at n = 7.1
and 7.8 is much lower than that at n = 5.1 or 5.8 above
≈ 50 K, ρ at n = 7.1 and 7.8 quickly increases at very
low temperatures and exceeds values at n = 5.1 or 5.8.
The electrical conductivity σ = 1/ρ in Kn/Na4K8-LSX is
plotted for n = 7.1 and 8.2 in Fig. 14 as a function of the
reciprocal of temperature, 1/T . The thermal activation
energy depends on temperature. The activation energy
Eg is roughly estimated to be ≈1.2 and ≈4 meV around
3 and 15 K, respectively, for n = 8.2.
The n-dependence of ρ in Kn/Na4K8-LSX is plotted
for 2, 20 and 100 K in Fig. 15. The value of ρ at 2 K
decreases with n up to n = 5.8, but increases extremely
9FIG. 13. (Color online) Temperature dependences of the elec-
trical resistivity ρ in Kn/Na4K8-LSX at various values of n,
where temperatures are decreased from 300 K. The value of
n is indicated for each curve.
FIG. 14. (Color online) Temperature dependences of electri-
cal conductivity 1/ρ at n = 7.1 and 8.2 in Kn/Na4K8-LSX.
at n = 7.1 and 8.2 at the ferrimagnetic condition 6.5 <
n < 8.5 shown in Figs. 8 and 9. The value of ρ at 2K for
n = 8.2 is ≈ 106 times of that at 100 K. The increase is
not significant at n = 9.0. A similar increase in ρ at low
temperatures has been observed in Kn/K12-LSX at the
ferrimagnetic condition of n, and the value of ρ at 2K for
n = 9.0 is ≈ 102 times of that at 100 K [1, 9].
FIG. 15. (Color online) n-dependence of electrical resistivity
ρ at 2, 20 and 100 K in Kn/Na4K8-LSX.
IV. DISCUSSIONS
A. Model of correlated polaron system
If s-electron wave functions of alkali metal clusters
are well localized quantum-mechanically in zeolite cages,
the tight-binding approximation can be applied to them
[30, 31]. A narrow energy band of s-electrons with a
strong electron correlation is expected in the supercage
clusters in Kn/K12-LSX, because of a large mutual
Coulomb repulsion energy within supercages and the
electron transfer through 12R windows [14]. Further-
more, s-electrons have an interaction with the displace-
ment of alkali cations distributed in cages. Hence, s-
electrons have an electron-phonon deformation-potential
interaction as well as the electron correlation.
In order to take an overview of the electronic proper-
ties of alkali metals in zeolites, it is effective to introduce
following coarse-grained parameters of the correlated po-
laron system given by the so-called Holstein-Hubbard
Hamiltonian [1, 63, 64]
H = −
∑
i,j,σ
tija
†
iσajσ + U
∑
i
ni↑ni↓
+
∑
i
(
P 2i
2m
+
1
2
mω2Q2i
)
− λ
∑
i
Qi (ni↑ + ni↓) ,
(4)
where aiσ (a
†
iσ) is the annihilation (creation) operator
of the electron with the spin σ at the i-th site, and
niσ = a
†
iσaiσ . tij is the electron transfer energy between
the i-th and the j-th sites. U is the on-site Coulomb re-
pulsion energy (the Hubbard U). The localized phonons
(Einstein phonons) with the mass m and the frequency
ω are assumed in the third term. Qi and Pi are the lat-
tice distortion and the conjugated momentum at the i-th
site, respectively. In the last term, the on-site electron-
phonon interaction is introduced by the assumption of
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the site diagonal coupling constant λ. Here, we define
the lattice relaxation energy S as [63]
S =
λ2
mω2
. (5)
If we consider the electron transfer between the nearest
neighbor sites for 〈i, j〉 only, the first term of the right-
hand side of Eq. (4) can be written as
−t
∑
〈i,j〉,σ
a†iσajσ , (6)
where t (> 0) is the transfer energy of electron to the
nearest neighbor site. The t-U -S-n coarse-grained model
of correlated polaron system is introduced to alkali-metal
loaded zeolites, where n is the average number of elec-
trons provided by alkali atoms per site.
Schematic illustration of the Holstein-Hubbard model
is given in Fig. 16. Red arrows indicate spins of elec-
trons. If t is large enough, large polarons migrate as free
carriers. In cases of U > S and U < S at small t, small
polaron with the energy −S/2 and small bipolaron with
the energy U − 2S, respectively, become stable as the
self-trapped states. Small polarons and small bipolarons
contribute to the conductivity by their hopping process
at finite temperatures.
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FIG. 16. (Color online) Schematic illustration of the Holstein-
Hubbard model. Red arrows indicate spins of electrons. If t
is large enough, large polarons are stabilized as free carriers.
In cases of U > S and U < S at small t, small polaron with
the energy −S/2 and small bipolaron with the energy U−2S,
respectively, are stable.
In zeolites, t is introduced through windows between
adjoining cages. The energy band width 2B is given by
2B = 2ht, where h is the number of nearest neighbor
sites. h is 4 for supercage or β-cage in zeolite LSX. The
energy of the band bottom is located at −B. If B <
S/2, an electron relaxes into small polaron. The value
of 2B for supercage network is roughly estimated to be
≈2 eV for 1p states in LSX from the spectral width of
the supercage band in Fig. 5. t for β-cage network is
negligibly small, because of the large separation by D6Rs
as shown in Fig. 2. Therefore, clusters generated in β-
cages relax into self-trapped states because of a finite
S, and become small polarons with magnetic moment or
small bipolarons without magnetic moment, as discussed
in Section IVB.
Two s-electrons in the same cage have a Coulomb re-
pulsion energy U . The value of U depends on the size
of cage, but is almost independent of the configuration
of cations. The unscreened U between two electrons in
the 1s state is estimated to be ≈ 3 eV for supercage with
the inside diameter of ≈ 13 A˚ and ≈ 6 eV for β-cage with
the inside diameter of ≈ 7 A˚ [1]. A finite screening ef-
fect reduces the value of unscreened U . A qualitative
interpretation has been given by the t-U -S-n model for
various properties of alkali metals in different zeolites [1].
At lower loading densities, t is relatively small because
s-electrons occupy lower quantum states of clusters, such
as 1s states, and the electron-phonon interaction S dom-
inates the system. Hence, small bipolarons are stabilized
at lower loading densities. A gap energy ≈ 0.6 eV in ab-
sorption spectra of dilutely K-loaded Kn/NaxK12−x-LSX
in Fig. 5 is assigned to the formation energy of small bipo-
larons at 1s states in supercages. An effective value of t
for the energy band near the Fermi energy is expected to
increase with n, because s-electrons occupy higher quan-
tum states of clusters, such as 1p and 1d states, and the
metallic states are realized at large n depending on the
kind of alkali metals, etc. [1]. A metallic state is expected
at n ' 6 in Kn/Na4K8-LSX as shown in Fig. 13, indi-
cating that free carriers of large polarons are generated
by 1p electrons in supercage clusters. A similar metallic
transition has been observed in Kn/K12-LSX [1, 9].
B. Clusters at β-cages
Magnetic moments of clusters in β-cages play a cru-
cial role in magnetisms of Kn/NaxK12−x-LSX. The value
of t between β-cages is negligibly small. If an electron
occupies the 1s empty state with the energy E1s at β-
cage, a small polaron with the energy E1s − S/2 is gen-
erated by the electron-phonon interaction according to
the Holstein-Hubbard model, as illustrated in Fig. 17. If
the second electron occupies the small polaron site, the
second electron has the energy E1s+U−3S/2. As shown
in Fig. 17(a), small polarons with magnetic moments are
generated in β-cages at U > S, if the Fermi energy EF
satisfies
E1s −
S
2
< EF < E1s + U −
3S
2
. (7)
With the increase in EF with n, small bipolaron with the
energy 2E1s+U−2S in the spin-singlet state is generated
by the occupation of the second electron, if EF satisfies
E1s + U −
3S
2
< EF. (8)
This model means that small polarons with the mag-
netic moments are stabilized only at the condition given
by Eq. (7) for EF. On the other hand, there is no choice
for EF at U < S in Eq. (7), and small polarons are un-
stable at any value of EF. This is because the pairing
of small polarons forms small bipolarons with the energy
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2E1s+U−2S which is more stable than the separate pair
of small polarons with the total energy 2E1s−S, as illus-
trated in Fig. 17(b), indicating that small polarons with
the magnetic moments are not stabilized at any value of
n at U < S.
(β-cage) (β-cage)
− S 2
U − 3S 2
U − S − S 2
U − 3S 2
U − S
(U > S) (U < S)
1sE1s E1s
small bipolaron
small polaron
small polaron
small bipolaron
1s
(a) (b)
FIG. 17. (Color online) Schematic illustration of electronic
configurations of clusters in β-cages at (a) U > S and (b)
U < S, according to the Holstein-Hubbard model. Red arrows
indicate spins of electrons. The value of t is negligibly small
between β-cages. Small polarons and small bipolarons in β-
cages are formed depending on the relative magnitudes of U
and S and the Fermi energy EF. See text in detail.
The value of S strongly depends on the kind of cations
and their arrangement such as the number and the loca-
tions of cations. Generally, S for Na-rich cluster is larger
than that for K-rich one, because of the larger ionization
of Na atom. The value of S increases with the number
of cations which contribute to the formation of cluster.
Generally, cations in zeolites are located near the
aluminosilicate framework, because of the attractive
Coulomb force between cations and negatively charged
framework. However, cations keep the mutual distance,
because of the repulsive Coulomb force among them. In
each β-cage of zeolite LSX, there are three cation sites,
I, I’ and II, which are located at the center of D6R, the
just side of D6R in β-cage and the center of 6R in su-
percage, respectively, as illustrated in Fig. 18 [11]. There
are 12 cation sites for β-cage (four sites of I, four sites of
I’ and four sites of II). Because site I is shared with ad-
joining β-cages, there are 10 cation sites per β-cage. By
the loading of guest alkali metal, the number of cation
increase. At the same time, the locations of cations are
adjusted by the interaction with the s-electrons shared in
clusters, as expressed by the electron-phonon interaction
in the Holstein-Hubbard model.
According to the structure analysis in hydrated
NaxK12−x-LSX, Na cations occupy preferably site I [65].
Sites I and II have the full occupancy, but site I’ has a
half occupancy. According to the structure simulation
of dehydrated zeolite LSX, the simultaneous occupations
at sites I and I’ are expected, unlikely in other zeolites
[66, 67]. The total average number of cations is ≈ 10 for
one β-cage, and the average number becomes ≈ 8 per β-
cage because of the sharing of site I between adjoining
β-cages. The 8 of 12 cations are distributed around each
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FIG. 18. (Color online) Schematic illustration of cation sites
I, I’ and II around β-cage.
β-cage. Other 4 cations are distributed in supercage.
By the loading of guest alkali metal, s-electrons are
shared with cations, and the metallic bonding among
cations stabilizes cation-rich clusters in β-cages. In
Nan/Na12-LSX, a full occupation of Na cations are ob-
served simultaneously at sites I, I’ and II for n = 9.4 and
16.7, namely 12 cations for each β-cage cluster (10 cations
per β-cage cluster) [11]. In the simplest model, the pos-
sible numbers of cations for the cluster in β-cage are 10,
11 and 12 with the increase in n, where the numbers of
cations at site I’ are 2, 3 and 4, respectively. According
to this model, three kinds of β-cage clusters are expected
with respective optical excitation energies. The optical
excitation energy from 1s to 1p states is mainly deter-
mined by the confinement potential size of s-electrons.
The size is basically determined by that of β-cage, but
these additional cations can extend slightly the effective
size of the confinement potential. The origin of the dif-
ferent excitation energies of β-cage clusters around 2.5
eV in Figs. 5, 6 and 7 is assigned to the difference in the
number of cations and the kind of cations.
In an Na-K alloy system, a stronger cohesion effect for
Na atoms makes Na-rich clusters more stable [12]. Na
clusters in Na12-LSX are nonmagnetic, because of a large
S [8]. At n < 6.5 in Kn/Na4K8-LSX, Na-rich clusters are
expected to be stabilized at β-cages as small bipolarons
at the condition of U < S in Fig. 17(b). The 2.3 eV
reflection band in Fig. 6 are assigned to such Na-rich
small bipolarons. The candidate of magnetic clusters of
small polarons is K-rich ones. At 6.5 < n < 8.5, K-
rich small polarons are expected to be stabilized at the
condition of Eq. (7) for U > S in Fig. 17(a), and are
observed at 2.8 eV reflection band in Fig. 6, in addition
to Na-rich small bipolarons at 2.3 eV. At n > 8.5, K-
rich small bipolarons are stabilized at the condition of
Eq. (8).
At higher K-loading densities by the pressure loading
in Kn/Na4K8-LSX, a new ferrimagnetism has been ob-
served at the loading pressure of≈ 0.5 GPa [7]. The Curie
constant is ≈ 3.5× 10−4 Kemu/cm3 which is assigned to
the contribution of magnetic sublattices of β-cage clus-
ters and supercage ones. The spontaneous magnetization
is much smaller than that expected from the Curie con-
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stant, because of the cancellation of magnetizations by
the antiferromagnetic interaction between two magnetic
sublattices in ferrimagnetism. The magnetic moments of
β-cage clusters under the pressure loading are assigned
to small polarons at 1p states.
In Kn/Na7.3K4.7-LSX, the increase in localized mag-
netic moments have been observed clearly at 8.2 < n <
9.7 in the increase in the Curie constant, and a nearly
pure ferromagnetism has been observed at 8.4 < n < 9.7
in the insulating phase [12]. Simultaneously, a reflection
band of β-cage clusters at 2.8 eV has been observed at
n > 8. The origin of the magnetism is assigned to the
ferromagnetic superexchange coupling between magnetic
moments of β-cage clusters (small polarons) through sp3
closed-shell clusters in supercages. In reflection spec-
tra, β-cage clusters are observed at 2.4 eV for n ' 4
[12]. These clusters are nonmagnetic and and assigned
to the cace of U < S shown in Fig. 17(b), where Na-rich
clusters are preferentially stabilized. Clusters observed
at 2.8 eV at 8 < n / 9.7 are assigned to K-rich ones
(small polarons) with magnetic moments at β-cages for
U > S, and they become nonmagnetic (small bipolarons)
at n ' 9.7, as illustrated in Fig. 17(a).
In Kn/K12-LSX, pure K clusters in β-cages can be
magnetic (small polarons) at large n. A ferrimagnetism
by the antiferromagnetic interaction between localized
moments of β-cage clusters and the itinerant electron fer-
romagnetism of supercage clusters has been observed at
n ≈ 9 [1, 9]. This ferrimagnetism disappears at n ≈ 11 by
the pressure loading at ≈ 0.3 GPa, because of the gener-
ation of nonmagnetic β-cage clusters (small bipolarons)
[14].
C. Supercage clusters and their interaction with
β-cage clusters
In zeolite sodalite (SOD framework structure), β-cages
are arrayed in a body centered cubic structure by the
sharing of 6Rs with eight adjoining β-cages. An an-
tiferromagnetism of clusters in β-cages of sodalite has
been observed clearly by the antiferromagnetic interac-
tion through 6Rs [1, 41–55]. In zeolite LSX, each β-cage
shares 6Rs with four adjoining supercages. The antifer-
romagnetic interaction between β-cage clusters and su-
percage ones occurs through 6Rs, where one up-spin in β-
cage arranges down-spins in four adjoining supercages, as
illustrated in Fig. 19. These four supercages with a com-
mon adjoining β-cage are the second nearest neighbors
with each other. Each supercage shares 12Rs with four
adjoining supercages, and electrons in supercage clusters
itinerate over many supercages as large polarons. If the
number density of magnetic β-cage clusters increases, the
long range magnetic ordering of an itinerant electron fer-
romagnetism at supercage clusters is assisted geometri-
cally by the antiferromagnetic interaction with the mag-
netic moments of β-cage clusters. At the same time, the
magnetic moments of β-cage clusters are ordered in the
ferrimagnetism, although the direct interaction between
β-cage clusters is absent. The hybridization effect of β-
cage clusters with itinerant electrons of supercage clus-
ters is expected to play an important role in electrical
properties, if many β-cages are filled with small polarons
with magnetic moments.
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FIG. 19. (Color online) Schematic illustration of cluster net-
works in zeolite LSX. Clusters at supercages have an interac-
tion network of a diamond structure. Each clusters at β-cages
has an interaction with clusters at four adjoining supercages.
The direct interaction between β-cage clusters is absent. See
text in detail.
In the Kondo system, localized electron spins of mag-
netic atoms dilutely distributed in metal have an inter-
action with conduction electron spins, and an electri-
cal resistivity gradually increases at very low tempera-
tures. Because of the Coulomb repulsion between local-
ized electrons at the magnetic atom, up-spins and down-
spins of conduction electrons near the Fermi energy con-
tribute equivalently to the localized electronic state, and
the Kondo singlet state is formed at very low tempera-
tures. In the Kondo lattice system, an array of magnetic
atoms provide a remarkable increase in resistivity at low
temperatures, as observed in a typical Kondo insulator
YbB12 [68, 69]. The resistivity decreases under high mag-
netic fields up to ≈ 50× 104 Oe in YbB12 [70].
In Kn/Na4K8-LSX, a remarkable increase in resistiv-
ity is observed at low temperatures in Fig. 13. This re-
sult resembles the Kondo insulator YbB12. A similar
increase has been observed in Kn/K12-LSX [1, 9]. The
activation energy indicated in Fig. 14 is temperature de-
pendent as observed in YbB12 [68, 69]. However, there is
an essential difference between the Kondo insulator and
Kn/NaxK12−x-LSX in magnetism. The metallic narrow
band at supercage clusters in Kn/NaxK12−x-LSX is fer-
romagnetic at low temperatures both by the intraband
electron-electron interaction and by the antiferromag-
netic interaction with magnetic clusters at β-cages. A
energy gap model of the ferrimagnetism is schematically
illustrated in Fig. 20. Electrons in magnetic clusters at
β-cages have an antiferromagnetic interaction with itin-
erant electrons at supercages, and the energy gap opens
at the Fermi energy EF at low temperatures. A change of
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resistivity, however, is not observed under magnetic fields
up to 13× 104 Oe in Kn/Na4K8-LSX within the experi-
mental accuracy, indicating that the gap in the itinerant
electron ferromagnetism seems to be kept under these
magnetic fields. A detailed theory is needed to explain
these results in the future.
antiferromagnetic
DOS
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E
(supercage)
E
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FIG. 20. (Color online) Schematic illustration of the energy
gap model of electronic states at ferrimagnetism (TC > T )
and paramagnetism (TC < T ) in Kn/NaxK12−x-LSX. Local-
ized electrons in β-cages have an antiferromagnetic interaction
with itinerant electrons of narrow energy band of supercage
clusters. The gap is opened at the Fermi energy EF at the
ferrimagnetism.
In Figs. 9 and 11, the Weiss temperature at the fer-
rimagnetic region is positive and negative at lower and
higher values of n, respectively. The Weiss temperature
TW in the mean field theory of localized moments is given
by Eq. (A18) in Appendix A, where the intra-sublattice
mean field coefficient of β-cage clusters, λββ , is assumed
to be zero. The asymmetry of TW can not be explained
by the n-dependence of the Curie constant of β-cage clus-
ters, Cβ , which is defined by Eq. (A11), because the
number density of magnetic clusters in β-cages, Nβ , is
symmetric for ferrimagnetism according to the model il-
lustrated in Fig. 17(a). According to Eq. (A20), a neg-
ative value of the Weiss temperature is expected at the
condition Csλss < 2Cβλsβ , where λss and λsβ are the
intra-sublattice mean field coefficient of supercage clus-
ters and the inter-sublattice mean field coefficient be-
tween supercage clusters and β-cage ones, respectively.
Cs here is the Curie constant of supercage clusters in the
localized moment model and is given by Eq. (A10). The
main reason of the asymmetry of TW is expected to be
the increase in λsβ with n. According to the model at
U > S illustrated in Fig. 17(a), λsβ increases with n,
because the Fermi energy EF increases with n and then
the hybridization between electrons of supercage clusters
and the localized electrons at β-cage clusters increases
with n.
D. Magnetization process of ferrimagnetism
The magnetization process at 1.3 K in Kn/NaxK12−x-
LSX shown in Fig. 12 displays curves rounded out. The
magnetization process of ferrimagnetism at T = 0 is il-
lustrated schematically in Fig. 21. In an ordinary fer-
rimagnetism of classical magnetic moments, a constant
magnetization is observed up to a spin-flop field, and
a constant increase in magnetization up to the satura-
tion field, as indicated by black lines. In the ferrimag-
netism in Kn/NaxK12−x-LSX, the magnetic sublattice at
supercages is an itinerant electron ferromagnetism, and
the magnetization, Ms, increases with the applied mag-
netic field, because of the suppression of magnetization
by the dynamical spin fluctuation [14, 71–74]. At low
fields, the dominant magnetization of the magnetic sub-
lattice is oriented to the applied magnetic field. For ex-
ample, the dominant magnetization in the Ne´el’s N-type
ferrimagnetism is the magnetic sublattice at β-cages,Mβ,
below the compensation temperature. According to the
mean field theory, the effective field fromMβ toMs is op-
posite to the external field, and the total magnetization
is given by Mβ −Ms. With the increase in the external
field,Ms decreases and the total magnetization increases.
Above the spin-flop field, the angle between Ms and Mβ
decreases and Ms increases with the external field. The
total magnetization increases up to the saturation value
Mβ +Ms(max), as indicated by red curves in Fig. 21. In
K7.7/Na4K8-LSX, Mβ −Ms ≈ 0.3 G at low fields, and
Mβ+Ms(max) ≈ 2.7 G in Fig. 12. If we assignMβ ≈ 0.7
G in the sudden increase in the Curie constant in Fig. 9,
Ms at low fields and Ms(max) are estimated to be ≈0.4
and ≈2.0 G, respectively.
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FIG. 21. (Color online) Schematic illustration of the magne-
tization process of ferrimagnetism up to high magnetic fields.
Mβ and Ms are magnetizations of magnetic sublattices at β-
cages and supercages, respectively. See text in detail.
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V. SUMMARY
We measured electronic properties in detail for
Kn/NaxK12−x-LSX mainly for x = 4. Ferrimag-
netic properties are observed in Kn/Na4K8-LSX and
Kn/Na1.5K10.5-LSX. At the same time, the Curie con-
stant increases, and a reflection band of β-cage clusters at
2.8 eV is observed in accordance with the ferrimagnetism.
An electrical resistivity indicates metallic value at n ' 6
in Kn/Na4K8-LSX. The ferrimagnetism is explained by
the antiferromagnetic interaction between the magnetic
sublattice of localized moments at β-cage clusters and
that of itinerant electron ferromagnetism at supercage
clusters. The electrical resistivity increases extraordinar-
ily at low temperatures in ferrimagnetic samples. We try
to explain the anomaly in the electrical resistivity by the
analogy of the Kondo insulator, where itinerant electrons
of supercage clusters interact with localized electrons of
β-cage clusters. However, itinerant electrons of the nar-
row energy band of supercage clusters are ferromagnetic,
differently from nonmagnetic electrons of the ordinary
energy band in the Kondo insulator.
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Appendix A: Ferrimagnetism
We calculate a ferrimagnetism by the use of the
mean field (molecular field) theory. We assume two
nonequivalent magnetic sublattices of localized moments
corresponding to supercage clusters and β-cage ones
in Kn/NaxK12−x-LSX. The geometrical arrangement
shown in Fig. 19 and the itinerant electron ferromag-
netism of supercage clusters are not considered.
We define mean fields for supercage clusters and β-cage
clusters, Hms and Hmβ, respectively, as
Hms = λssMs − λsβMβ, (A1)
Hmβ = λββMβ − λsβMs, (A2)
where Ms and Mβ are magnetizations of respective mag-
netic sublattices for the ferrimagnetism, and λss, λββ and
λsβ the intra-sublattice mean field coefficient of supercage
clusters, that of β-cage clusters and the inter-sublattice
mean field coefficient between supercage clusters and β-
cage ones, respectively. The minus sign of the second
term in the right hand side of above equations means
an antiferromagnetic interaction between two magnetic
sublattices.
The magnetizations of both sublattices under the ex-
ternal magnetic field H at the temperature T are given
as
Ms = NsgsµBBJs
(
gsµBJs
H +Hms
kBT
)
, (A3)
Mβ = NβgβµBBJβ
(
gβµBJβ
H +Hmβ
kBT
)
, (A4)
where Ns and Nβ are the number densities of supercage
clusters and β-cage ones, respectively, gs and gβ the g val-
ues of respective clusters, and Js and Jβ the total angular
momentum quantum numbers of respective clusters. kB
is the Boltzmann constant. BJ(y) is the Brillouin func-
tion, and is given for |y| ≪ 1 as
BJ(y) =
J + 1
3J
y. (A5)
At sufficiently high temperatures of paramagnetism, fol-
lowing conditions are satisfied:∣∣∣∣gsµBJsH +HmskBT
∣∣∣∣≪ 1, (A6)∣∣∣∣gβµBJβH +HmβkBT
∣∣∣∣≪ 1. (A7)
Then, we obtain following magnetizations by using
Eqs. (A1) and (A2) as
Ms =
Cs
T
(H + λssMs − λsβMβ) , (A8)
Mβ =
Cβ
T
(H + λββMβ − λsβMs) , (A9)
where the Curie constants of supercage clusters and β-
cage ones, Cs and Cβ , respectively, are given as
Cs =
Nsg
2
sµ
2
BJs (Js + 1)
3kB
, (A10)
Cβ =
Nβg
2
βµ
2
BJβ (Jβ + 1)
3kB
. (A11)
From Eqs. (A8) and (A9), the total magnetic suscep-
tibility χ is given by
χ =
Ms
H
+
Mβ
H
=
T (Cs + Cβ)− CsCβ (2λsβ + λββ + λss)
T 2 − T (Csλss + Cβλββ) + CsCβ
(
λssλββ − λsβ
2
) .(A12)
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The Curie temperature TC is obtained from Eq. (A12)
by the divergence condition at the higher temperature as
TC =
Csλss + Cβλββ
2
+
√
(Csλss − Cβλββ)
2
+ 4CsCβλsβ
2
2
.
(A13)
At sufficiently high temperatures, χ is expected to ap-
proache the Curie-Weiss law
χ ≈
Cs + Cβ
T − TW
, (A14)
where Cs +Cβ and TW are the total Curie constant and
the Weiss temperature, respectively. We obtain the re-
lation at sufficiently high temperatures from Eq. (A12)
as
Cs + Cβ
χ
≈ T+
CsCβ (2λsβ + λββ + λss)
Cs + Cβ
− (Csλss + Cβλββ) .
(A15)
Finally, we extract TW from Eqs. (A14) and (A15) as
TW = −
CsCβ (2λsβ + λββ + λss)
Cs + Cβ
+ Csλss + Cβλββ
(A16)
If we assume no intra-sublattice interaction of β-cage
clusters as λββ = 0, we obtain TC and TW as
TC =
Csλss
2

1 +
√
1 +
4Cβλ2sβ
Csλ2ss

 , (A17)
TW =
Cs
Cs + Cβ
(Csλss − 2Cβλsβ) . (A18)
The positive and negative values of TW are obtained as
TW > 0 at Csλss > 2Cβλsβ , (A19)
TW < 0 at Csλss < 2Cβλsβ . (A20)
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